A brief exposure (ca 20 min) of the yeast Saccharomyces cerevisiae to the phytotoxin syringomycin was sufficient to kill the cell. The protective effect of sterols against this cytotoxicity of syringomycin was investigated. Syringomycin was much more toxic to growing cells than to stationary-phase cells. The cytotoxicity of syringomycin was reduced in an environment containing sterols. Cytotoxicity of syringomycin at 3 pg ml-' (ca 2-5 p~) was completely abolished by the simultaneous presence of 10 pwcholesterol in the medium. Cholesterol acetate had no protective effect. Ergosterol, sitosterol and stigmasterol also protected against syringomycin, but they were less effective than cholesterol. The protective effect of sterols against the action of syringomycin is consistent with our hypothesis that membrane ergosterol is a critical component for syringomycin-binding as suggested by recent genetic studies.
Introduction
The phytotoxin syringomycin, a lipodepsipeptide with an M, value of 1226, is produced by the bacterial plant pathogen Pseudomonas syringae pv. syringae and is a major virulence factor in plant diseases caused by this organism Sinden et al., 1971) . Syringomycin is a significant contributor to a variety of plant diseases (DeVay et al., 1968; Sinden et al., 1971) . Application of a partially purified preparation of the toxin to young peach trees gave typical disease symptoms. The diseases caused by this bacterium include necroses of stone fruits and cowpea and holcus spot disease of maize . In addition to contributing to plant diseases, syringomycin inhibits the growth of several fungi including the yeast Saccharomyces cerevisiae (Zhang & Takemoto, 1986 .
As expected from the amphipathic structure of syringomycin, the host plasma membrane is the primary site of action of the toxin. Plant and yeast cells respond to the toxin similarly (Reid1 & Takemoto, 1987) . Among the effects on the membrane are release of various cations, increase in membrane potential, H+-ATPase activity and protein phosphorylation (Bidwai & Takemoto, 1987) . By molecular genetic studies of the mechanism of action of syringomycin on S. cerevisiae, we * Author for correspondence. Tel. 81 824 22 7196; fax 81 824 22
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recently found that the yeast gene SYRl that complements the phenotype of a resistant mutant syrI, is identical with ERG3 that encodes sterol C-5 desaturase, an enzyme of ergosterol biosynthesis (N. Taguchi and others, unpublished results). This suggested to us that ergosterol, a major component of the plasma membrane accounting for about 15% of the membrane lipids (Longley et al., 1968) , is the possible target of the toxin. A null mutant of syrI did not contain ergosterol in the membrane, but was viable and resistant to syringomycin. Furthermore, a mutant lacking ergosterol (e.g. syrI) had a significantly decreased syringomycin-binding ability. To examine the hypothesis that membrane ergosterol is critical for binding syringomycin, we studied the effect of externally added sterols on the cytotoxicity of syringomycin .
Methods
Yeast strains and growth conditions. Wild-type isogenic diploid S. cereuisiae strain RAY-3A-D (MATala leu2ura3 his3 trpl) was described by Tanaka et al. (1988) . A syringomycin-resistant mutant YT1-b with a null allele of SYRlIERG3 (syrl-dl) was prepared. In brief, a 300 bp SaZI-SalI region within the open reading frame of SYRI was replaced with the SaZI-SmaI fragment of the HIS3 gene. The onestep gene disruption of the diploid strain RAY-3A-D was performed by transformation with the disrupted DNA fragment, and gene disruption was confirmed by Southern hybridization. homogeneity as described previously (Bidwai & Takemoto, 1987) .
Syringomycin purijication. Syringomycin (E-form) was purified to
Assay of the growth inhibition of S. cerevisiae by syringomycin. Exponentially-growing S. cerevisiae wild-type strain RAY-3A was inoculated at a cell concentration of 1 x lo6 cells ml-' into YPD medium containing 3 pg syringomycin ml-' and various concentrations of sterols. The cells were grown at 28 "C in aerobic conditions with shaking. The growth of the culture was monitored by measuring OD,, every 2 h.
Assay of the cytotoxicity of syringomycin on S. cerevisiae. Exponentially-growing S. cereuisiae cells were harvested after 8 h cultivation at 28 "C in YPD medium (ca 5 x lo7 cells ml-') and used for assay of cytotoxicity. Stationary-phase cells were harvested after 36 h cultivation (ca 1 x lo9 cells ml-l) and used when required. Syringomycin (1-3 pg ml-') was added to the cell suspension, 1 x lo6 cells ml-' in YPD medium or saline (0.85% NaCl) in sterile test tubes. After incubation for the indicated times at 28 "C with shaking, a 0.1 ml sample was taken and immediately diluted in 4.9 ml ice-cold saline and plated on YPD medium after an appropriate dilution. The colonies were counted after incubation for 48 h. To test the effect of sterols and other lipids on cytotoxicity, syringomycin (1 pg ml-') and indicated amounts of various lipids were mixed. Incubation was initiated by the addition of exponentially growing yeast cells to the mixture. Samples were taken periodically and viable cells were counted as described above.
Results

Efect of sterols on growth inhibition of S. cerevisiae by syringomy cin
First, we examined the effects of sterols on the growth inhibiting activity of syringomycin. The growth of S. cerevisiae cells in YPD medium in the presence of syringomycin and sterols was monitored by measuring the culture OD660 (Fig. 1) . The growth of wild-type haploid strain RAY-3A was completely inhibited by the presence of syringomycin at 3 pg ml-' (ca 2-5 p~) in the culture medium. Under the same conditions, the growth of an ergosterol-deficient syrl-dl mutant was unaffected (data not shown). As expected from our hypothesis, the growth of wild-type cells in the medium containing syringomycin was restored by the simultaneous presence of exogenous sterols, such as ergosterol or cholesterol. The protective effect of the sterols was dose-dependent. The effect of cholesterol was more potent than ergosterol. In the presence of 3 pg syringomycin ml-' and 25 PMcholesterol, the growth of the sensitive cells was restored to a level similar to that without syringomycin. In contrast, ergosterol only partially restored growth even at 50 p~, the solubility limit for this sterol in water. The added sterols had no effect on the growth rate (data not shown).
Cytotoxicity of syringomycin on yeast cells
Since syringomycin very rapidly affects the homeostasis of cellular Ca2+ and other ions, it was expected that syringomycin would decrease cell viability shortly after exposure of the cells to the toxin. This possibility was examined by determination of cell viability after incubation of the cells with syringomycin in YPD medium for various periods of time (Fig. 2) . Cytotoxic effects were observed by treating the cells in YPD with concentrations of syringomycin of 1 pg ml-' or higher. The cytotoxic effect was established rapidly on exposure of the cells to syringomycin, and viability was almost lost after about 20 min of incubation in YPD with 2 pg ml-' of the toxin. The cytotoxicity of syringomycin was much higher when it was measured in saline instead of YPD (Fig. 2) . The viability of the ergosterol-deficient mutant (syp.1-dl) was unaffected by syringomycin under these conditions (data not shown).
We next compared the effect of syringomycin on exponentially growing cells and stationary-phase cells to see if the cytotoxicity depends on growth phase (Fig. 3) . Exponentially growing cells in YPD medium were much more sensitive to syringomycin than stationary-phase cells. However, the higher sensitivity of the exponentialphase cells was not dependent on cell division. Exponentially growing cells starved for 30 min at 28 "C in saline still remained highly sensitive to the toxin (data not shown).
Efect of sterols on the toxicity of syringomycin
To see if externally added sterols protect the cells from the cytotoxicity of syringomycin, cells were treated with 1 pg syringomycinml-' in saline for 30 min in the presence of various concentrations of sterols before measuring cell viability (Fig. 4) . Among the sterols tested, cholesterol had the most potent effect, and the cytotoxicity of syringomycin was completely abolished by the presence of concentrations of cholesterol of 10 p~ or higher. Cholesterol acetate had almost no protective effect. Ergosterol had a protective effect against syringomycin at concentrations between 1 and 10 PM. However, the effect of ergosterol was partial, restoring viability only in 40-60Y0 of the treated cells. Higher concentrations of ergosterol (above 50 p~) had little protective effect, possibly due to a solubility problem. Sitosterol and stigmasterol also protected against cytotoxicity, but their effects were weaker than cholesterol, restoring viability in 50-70% of total cells. Other lipids such as phosphatidyl choline and oleic acid also had a weak protective effect, but only at very high concentrations (ca 1 0 0~~) .
We next examined whether externally added cholesterol could reverse the cytotoxicity induced by syringomycin. Cholesterol (25 p~) was added at various times after the addition of 1 pg syringomycinml-' in saline, and cytotoxicity was determined by colony formation on agar plates (Fig. 5) . The cells were incubated with the toxin for 30 min. When cholesterol was added to the cell suspension within 10 min of exposure to the toxin, it had a significant reversing effect against the toxin, restoring viability in 70 YO or more of the treated cells. In contrast, when cholesterol was added to the cell suspension after 20min of exposure to the toxin, the sterol restored viability in less than 20 YO of the treated cells. These data are consistent with the theory that the cytotoxicity of syringomycin was established immediately after an exposure of the cells to the toxin, and cholesterol interferes with an initial process of the cytotoxicity.
Discussion
The present study demonstrated that the toxic effect of syringomycin on yeast is reduced in an environment containing sterols. Among the sterols tested, cholesterol was the most effective. In the presence of 2 5~~-cholesterol, syringomycin cytotoxicity was completely abolished. Since cholesterol only gave protection during the early incubation times with syringomycin, it seems to interfere with an initial interaction of syringomycin with the cell, and does not reverse the interaction of previously bound syringomycin. These results are consistent with our hypothesis that membrane ergosterol is critical for syringomycin binding (N. Taguchi and others, unpublished results) .
As expected from the rapid stimulation of Ca2+ uptake by syringomycin (Takemoto et al., 1991) , cytotoxicity was established within 15-20 min of exposure to the toxin. The time required for the cytotoxicity roughly corresponds to the occurrence of Ca2+ influx, suggesting that the rapid change in the ion fluxes induced by the toxin is fatal to the cell. Syringomycin was much more toxic to growing cells than to stationary-phase cells. The cytotoxicity was not cell-cycle dependent, since growing cells starved in saline were still lughly sensitive to the toxin. The growth-dependent sensitivity could be attributed to differences in wall composition and thickness, as suggested for nystatin which is more toxic to growing cells having thinner cell walls as compared to thickwalled stationary-phase cells (Marini et al., 1961 ; Lampen et al., 1962) .
The primary interaction of the toxin and sensitive cells involving membrane ergosterol may be analogous to that suggested for polyene macrolide antibiotics such as nystatin and amphotericin B. However, the structure of syringomycin is obviously different from that of the polyene antibiotics. Also, the protective effects of different sterols against the cytotoxicity of syringomycin were different from those against the polyene antibiotics where protection was more effective with ergosterol than cholesterol (Lampen, 1966) . It has been suggested that membrane sterols are involved in the antifungal activity of the peptidolipidic antibiotic iturin A. The amino acid sequences of iturin A and syringomycin are not related to each other. The binding of iturin A to S. cerevisiae was dependent on the nature of sterol present in the membrane. A mutant strain containing cholesterol instead of ergosterol showed the highest affinity for iturin A (Latoud et al., 1990) . The effects of various lipids, including sterols and phospholipids, as inhibitors of the antifungal activity of iturin A were examined in S. cerevisiae and cholesterol was found to be the strongest inhibitor (Besson et al., 1979) .
Overall, the results suggest that the protective effect of sterols can be attributed to the inhibition of syringomycin interaction with the cell surface of sensitive cells, by preventing access of the toxin to the cell through physical interaction of the toxin with the exogenously added sterols. The protective effect of sterols against the action of syringomycin is consistent with our hypothesis that membrane ergosterol is a critical component for syringomycin binding as suggested by genetic studies (N. Taguchi and others, unpublished) . The strong protective effect of cholesterol against the toxicity of syringomycin may offer opportunities to develop preventive agents against the phytopathogens that produce syringomycin or related phytotoxins.
